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Introduction
Passive microwave observations from satellites provide key information to numerical weather prediction (NWP) assimilation systems. Microwave measurements in the 50-60 GHz oxygen band for temperature sounding and in the 183 GHz water vapor line for humidity sounding have proven to be an important satellite contribution to NWP [Cardinali, 2009; Radnoti et al., 2010; Dee et al., 2011; Lorenc and Marriott, 2014] . The Advanced Microwave Sounding Unit (AMSU) A and B or the Microwave Humidity Sounder (MHS) on board the NOAA and EUMETSAT operational satellites allow for a significant reduction in the errors of the medium-range weather forecast. In addition, the microwave observations are increasingly used in cloudy and precipitating situations Geer, 2013] , where infrared (IR) observations only provide information on the atmosphere above the clouds.
The impact of the microwave observations on the quality of weather forecasts is high, despite the limited number of channels measured in the microwave (of the order of 20). NWP now benefits from infrared hyperspectral observations with instruments such as Atmospheric InfraRed Sounder, IASI (Infrared Atmospheric Sounding Interferometer), or Cross-Track Infrared Sounder, which contain several thousands of channels. A similar NWP impact of microwave instrument can be achieved with much less channels than these hyperspectral infrared instruments [Cardinali, 2009; Radnoti et al., 2010; Lorenc and Marriott, 2014] . The hyperspectral information strongly improves the retrieval from infrared observations, and it could be expected that a better sampling Figure 1 . Simulated TBs from 1 to 1000 GHz, for a nadir view, for six atmospheric profiles (midlatitude summer, midlatitude winter, tropical, U.S. standard, and subarctic winter). The continuous lines correspond to simulations over land and the dashed lines over ocean. Grey regions are protected spectral bands [Mellinger, 2007] and include the bands that are fully protected (i.e., all emission prohibited), the ones that are rather well protected (i.e., intersatellite and satellite to fixed systems), and the ones that are shared with fixed systems but with a certain threshold defined. Above 275 GHz, the bands are not formally allocated yet (or at least were not when we enquired). They have been considered as protected in this study.
of the microwave spectrum would also help the microwave retrieval of temperature and water vapor profiles. Denser sampling along the absorption lines (H 2 O or O 2 ) could reduce the retrieval errors and increase the vertical resolution of the information, thanks to a better coverage of the atmospheric column by the increased number and better repartition of the weighting functions along the vertical.
The spectral features of the microwave range from 1 to 1000 GHz in terms of brightness temperatures (TB) measured from a nadir-viewing satellite are presented for six standard atmospheres, over ocean and land, in Figure 1 . Note that we only consider protected spectral bands [Mellinger, 2007] (grey regions in Figure 1 ) in order to mitigate radio frequency interference (RFI).The spectrum is dominated by O 2 and H 2 O lines, and the atmospheric opacity tends to increase with increasing frequency. Ozone lines are also present, but their strength is not sufficient to enable a good estimate of the ozone profiles from such observations. Except for the complex O 2 band around 60 GHz, the microwave spectrum is rather simple as compared to the IR spectrum, with most O 2 and H 2 O lines isolated. With the microwave spectrum much less complicated than the IR one, we expect the number of useful hyperspectral channels to be more limited in the microwave than in the IR. As mentioned by Blackwell et al. [2011] , hyperspectral in the microwave typically means a few hundred channels, not thousands of channels as in the IR. However, there should be no sharp cutoff as adding channels has an incremental effect with diminishing benefits as more channels are added.
Several studies already explored the potential of the higher spectral sampling in the microwave [Lipton, 2003; Bauer and Di Michele, 2007; Blackwell et al., 2011] , and the concept of a HYperSpectral Microwave Sensor (HYMS) was recently advocated by Boukabara et al. [2010] . Blackwell et al. [2011] analyze the performances of a hyperspectral instrument deployable on polar or geostationary satellites. They show that with 64 channels around the 118.75 GHz oxygen absorption line and 16 around the 183.31 GHz water vapor absorption line, the root-mean-square (RMS) errors in temperature profiling could be reduced by 0.5 K on average, compared to a traditional instrument such as AMSU-A and B, and that the RMS error in relative humidity is also reduced by AIRES ET AL.
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∼5 % with respect to the a priori RMS. The improvements to the retrieval of the temperature and water vapor profiles are imputable partly to the high density of the weighting functions. Boukabara and Garret [2011] performed a pilot study highlighting the benefits of a HYMS for temperature profiling, especially under cloudy conditions. They simulated the performance of an instrument over ocean, with channels spanning over the 1-330 GHz portion of the microwave spectrum at a spectral resolution of 100 MHz. Reduction in the temperature profile error is evident when 100 channels are used in the retrieval, with a strong benefit under cloudy conditions where IR sounders are error prone at best and useless for opaque clouds.
Hyperspectral observations could also help mitigate RFI problems [Gasiewski et al., 2002; Misra et al., 2009] . Although regulated by the International Telecommunication Union, regulation of the use of the microwave frequencies RFI satellite passive microwave meteorological observations already suffers from contamination, even in protected bands (cf. Figure 1) , and more and more emitters up to 100 GHz are emerging. There are two main types of RFI: pulse ultrawide bandwidth and continuous narrow bandwidth. Hyperspectral coverage of a given band can be very beneficial in mitigating the second type of RFI, in order to filter out the unphysical spectral spikes: the availability of multiple, correlated (i.e., partly sensitive to the same geophysical variable) channels can allow the rejection of individual contaminated channels without significant information content loss.
Recent technological developments make it now possible to plan hyperspectral instrumentation, in the microwave to submillimeter range, with high-quality measurements [Hilliard et al., 2013] . So far, only a limited set of frequency channels have been considered in the microwave based on features within the microwave spectrum and historical evolution. Our objective is to investigate whether the microwave spectrum is sufficiently sampled by current and upcoming satellite instruments and whether new instruments with higher spectral resolution could improve the retrieval of thermodynamic profiles. For this purpose the retrieval accuracies of a hyperspectral conceptual instrument have been assessed in this study using a high number of selected channels among broad spectral bands along all major absorption features.
This paper analyses and quantifies the benefits of a HYMS instrument for atmospheric temperature and humidity profiling under clear-sky conditions. It is oriented toward the NWP community, and the methodology and assumptions will be as compatible as possible with the NWP practices. An information content analysis has been conducted, and special efforts were made to investigate the effects of errors in a priori information, instrument noise, and radiative transfer, for each configuration of the hyperspectral instrument (section 2). Two hyperspectral resolutions were considered (with a ratio of 10 between the two spectral resolutions). The performance of the hyperspectral instruments was systematically compared to the suite of the three microwave instruments to be on board the next generation of the European meteorological satellites (MetOp-SG) (section 3). So far, only frequencies up to 190 GHz are observed for operational weather forecasting, with the O 2 band around 60 GHz and the 183 GHz H 2 O line of prime interest for temperature and water vapor profiling, respectively. MetOp-SG will provide measurements in the microwave and millimeter range, up to 664 GHz. This study considers all the relevant O 2 and H 2 O lines and window channels, up to 874 GHz.
The Methodology and Tools

An Information Content Analysis
The standard information content analysis following Rodgers [2000] serves as the main tool to compare the different frequency channel selections and is briefly summarized here. By using Bayes' theorem, it is possible to estimate the distribution of errors of a one-dimensional variational retrieval scheme using satellite observations and a priori (i.e., background) information. The a posteriori probability of retrieval errors is characterized by its covariance matrix A:
where H T is the transpose of the Jacobian matrix of the observation operator (i.e., the radiative transfer model), B is the error covariance matrix of the a priori state, and R = R + R f is the observation error covariance matrix including the instrumental noise (R ) and the radiative transfer errors (R f ).
Matrix A provides an estimate of the retrieval errors, without the need to perform the retrieval. The matrix A is very convenient to compare different instrument configurations and is commonly adopted in NWP centers. This estimation is based on the use of an a priori information and on the linearization of the radiative AIRES ET AL.
MW HYPERSPECTRAL MEASUREMENTS 11, 336 transfer around the a priori. Three assumptions are used: (1) the random variables, i.e., the a priori and observations errors, are Gaussian variables that can be characterized by covariance matrices B and R; (2) errors (instrumental, a priori information, radiative transfer, and linearization errors) are independent of each other; and (3) the radiative transfer is linear within the state space encompassing the a priori and the solution. In general, the radiative transfer is nonlinear with respect to humidity so using a linear information content approach could be problematic. However, if the a priori is close enough to the actual state vector, the linearization is satisfactory and the results of the information content are robust enough. In order to test the linearity and Gaussian character of equation (1), we have studied the linearization errors
where RT is the forward radiatif transfer model, H is the RT Jacobian (estimated here at state x a ), and x a = x + e is the "analysis" that estimates state variable x with error e. It is then possible to compare distribution of y in terms of Gaussianity and variance compared to the observation uncertainties (instrument and RT, i.e., matrix R). We have done these experiments for a limited number of situations x (about 20) because computations are rather costly. The Gaussian distribution is a good approximation of the y distribution. Furthermore, the variance of y is below 30% of the observation errors as specified in our studies in R.
In this paper, we consider the simultaneous retrieval of temperature and humidity. As a consequence, matrix H in equation (1) includes the Jacobians of both temperature and humidity. Considering both quantities have two opposing consequences for the retrieval error uncertainty estimation, on one hand, using the temperature/humidity dependence could facilitate the retrieval of the two profiles because the correlations between the temperature and humidity can be exploited by the retrieval. On the other hand, if uncertainty in parameters other than those to be retrieved is included in the analysis, this will increase retrieval uncertainty estimates in A (i.e., retrieval of humidity is more complex if temperature is not perfectly known a priori). Our test shows that the combined approach (simultaneous retrievals in equation (1)) provides higher errors in A than for the individual estimations. Again, this is to be expected; retrieval of humidity is more complex if there are uncertainties on temperature (and vice versa) . the combined approach is more realistic and is used here. It is worth noting that our information content procedure is still not perfect as the linearization of the radiative transfer, more accurate for temperature than for humidity, and the description of the strong dependency of temperature and humidity might introduce uncertainties.
In the following sections the necessary ingredients for the information content analysis are described, following equation (1). The results of the information content analysis directly depend upon the assumptions made about the instrument noise figures in equation (1). As a consequence great care is taken in the estimation of these parameters to obtain realistic results. The strategy is to adopt hypotheses that are as compatible as possible with NWP center practices. The information content analysis needs to be performed on a large set of atmospheric situations, not on a few isolated profiles, to ensure more robust results. Therefore, a database of atmospheric profiles and related radiative transfer simulations is first built. A state-of-the-art atmospheric data set and the a priori information from the European Centre for Medium-Range Weather Forecasts (ECMWF) are selected. The results presented in this paper are obtained over ocean at nadir, but simulations have also been performed over land and for other angles (not shown). Only clear-sky cases are considered.
The Database of Atmospheric Profiles
The atmospheric profiles were extracted from the ECMWF profile databases [Chevallier et al., 2006] . These databases were obtained from cycle 30R2 of the ECMWF forecasting system, with horizontal resolution of approximately 25 km on 91 pressure levels (http://research.metoffice.gov.uk/research/interproj/nwpsaf/ rtm/profile_datasets.html). Only clear-sky scenes were selected, and three databases of 5000 profiles are available, one for the representation of temperature variability and similar ones for specific humidity and ozone. Data were selected only when coincident a priori covariance matrices B were available (see following section), which reduced the number of available profiles to 859 profiles from the temperature database, 344 from the humidity database and 786 from the ozone database.
The overall data set of 1989 profiles include a large range of temperature and humidity profiles, in particular many extreme cases. The data set was built with the intent of including profiles as diverse as possible. It does not represent the actual distribution of temperature, water vapor, and ozone profiles over the globe , but it covers the whole variability of these profiles [Chevallier et al., 2006; Paul and Aires, 2014] .
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The A Priori Error Covariance Matrices B
The information content analysis requires a priori error covariance matrices. These matrices represent the error covariance in the a priori atmospheric state, which, in the case of this work, is a model short-range forecast. In order to adapt as well as possible the NWP framework, B matrices have been derived from the ECMWF ensemble data assimilation system using the methodology described in Holm and Kral [2012] . The covariance matrices B result from the combination of the a priori error standard deviations and a vertical error correlation matrix.
The a priori error standard deviations are the same as those used to produce ECMWF analysis and vary in space and time because of their geographic variability and their flow dependency. The ensemble forecast dispersion is used as a proxy of the forecast errors. Their use to quantify the error of the a priori information should be considered with caution. Nevertheless, these dispersions are a good proxy for model forecast errors and they facilitate the assimilation of the satellite observations in the forecast model.
The vertical correlation matrices correspond to climatological averages calculated over a couple of seasons, over a 625 km resolution grid. Their main variations result mostly from geographical contrasts between ocean and land and from orography. Seasonal and diurnal variations are small compared to geographic variations. These matrices are separate for each variable and are available for temperature and a transformed variable for water vapor, which is introduced to reduce correlations with temperature and to produce errors that are more Gaussian [see Holm and Kral, 2012] . The transformation back to specific humidity introduces correlations with temperature. The main contributors to the correlations between temperature and specific humidity are complex and are due among others to condensation/evaporation processes and dynamic processes.
As indicated earlier, we are interested here in the retrieval of both temperature and humidity. For each 1989 atmospheric situation, the a priori covariance matrix B represents the error covariances of the a priori information for temperature and water vapor. of very good quality; its errors are 10 times lower than the variability of temperature and humidity. Improving the initial information with the satellite observations is challenging with such a good a priori.
The Radiative Transfer Code
For each atmospheric situation, radiances are calculated with the radiative transfer code ARTS (Atmospheric Radiative Transfer Simulator [Buehler et al., 2005; Eriksson et al., 2011] ). ARTS is an open-source, flexible model, primarily developed for the microwave region. ARTS has been compared and validated with other radiative transfer models [Melsheimer et al., 2005; Buehler et al., 2006] .
Radiative transfer simulations have been performed for different incident angles and for both ocean and land.
Here the ocean case at nadir is presented. ARTS can consider the Zeeman effect [Larsson et al., 2014] , but it has not been considered since this study focuses on NWP inside the troposphere and frequency ranges where the Zeeman effect is significant are avoided.
Selected Frequency Bands
To analyze the potential measurement performance in the 1 to 1000 GHz range, a number of frequency bands have been selected. These bands include channels located around absorption lines to allow the retrieval of Further, the selected bands include also window channels located between spectral lines to sense the lower part of the atmosphere and to account for the surface contribution. The characteristics of the sounding and window channels are presented in Table 1 . Note that the O 2 band from 63.3 to 67.9 GHz is not in a protected region of the spectrum (Figure 1) . However, the opacity in this band is expected to be large enough to prevent RFI from the ground but might be influenced by satellite-to-satellite communication.
An initial spectral resolution, "resolution 1," is first adopted as assumption for the hyperspectral instrument. For each of the nonwindow frequency bands, the resolution is selected according to the complexity of the lines. These frequency bands are divided in equal channels, with a width corresponding to "resolution 1." Table 1 gives the selected "resolution 1" for each frequency band. Furthermore, a factor of 10 is applied to "resolution 1" to obtain an improved spectral "resolution 2" (also indicated in Table 1) For comparison purposes, the instruments to be on board MetOp-SG MicroWave Sounder (MWS), MicroWave Imager (MWI), and Ice Cloud Imager (ICI) have also been simulated. The characteristics of the MetOp-SG instruments are provided in Table 2 . The instrument specifications have slightly changed since the beginning of this study, but these changes have not been considered here. The instrument noise figures indicated in the table correspond to the goal values: they are more stringent than the requirements imposed to the industry for the instrument development. As a consequence, they are indicative of optimum MetOp-SG instruments, with improved performances with respect to what will likely be available.
Jacobians
For cloud-free atmospheres, ARTS determines the temperature and humidity Jacobian matrices, H, in an analytical manner. The unit applied for Jacobians with respect to the temperature profile ( T b ∕ T i , where T b is the brightness temperature and T i is temperature at level i) is K/K. The unit applied for the Jacobians with respect to humidity ( T b ∕ q i , where q i is the specific humidity at level i) is K/(kg/kg).
The mean of the temperature and humidity Jacobians for all the profiles is represented in Figure 3 for the HYMS bands. The O 2 band at 60 GHz is strongly sensitive to the temperature, as expected, and then less sensitive to water vapor. The sensitivity to water vapor is higher for the higher-frequency oxygen lines (118 and 420 GHz bands). The 183, 325, and 448 GHz bands provide information on temperature for lower atmospheric channels where they actually have a stronger Jacobian than the 118 GHz band. Note that these bands have also a strong sensitivity to humidity. With its complex and numerous absorption lines, the 60 GHz band provides a good sensitivity to the temperature all along the atmospheric profile, but the channel bandwidths in these frequencies need to be narrower to represent well the vertical resolution. Other broad spectral ranges show a significant sensitivity to the temperature (such as the 448 GHz line), but they are also very sensitive to the water vapor, making the information more ambiguous. However, it is important to note that Jacobians vary from one situation to another. Figure 4 represents the Jacobians for temperature and humidity for the 60 and AIRES ET AL. MW HYPERSPECTRAL MEASUREMENTS 11,339 the 183 GHz bands, for two contrasted atmospheric situations, one dry (specific humidity in atmospheric layers lower than 1 ⋅ 10 −3 kg/kg) and one wet (specific humidity in atmospheric layers higher than 2 ⋅ 10 −2 kg/kg). The impact on the Jacobians are relatively small in the 60 GHz band, except that the sensitivity to temperature appears to be higher for the lower part of the wet atmosphere. The Jacobians in the 183 GHz band are very different for the dry and wet cases. No sensitivity to temperature is observed for the dry case, but very high sensitivity is evident up to 300 hPa for the wet case. This figure illustrates the reasonably constant Jacobians in temperature-sounding channels, meaning that the retrieval using the O 2 bands is relatively linear. Contrarily, AIRES ET AL.
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Instrument Noise, R
In an information content analysis, the observation errors have to be specified. The instrument error, R is the minimum detectable change in brightness temperature. It is given by the classical radiometric equation:
where T receiver is the equivalent noise temperature of the receiver, T antenna is the antenna temperature that is approximately equal to the scene brightness temperature, Bandwidth is the bandwidth of the receiver, and is the integration time. For simplicity sake, this radiometric equation neglects the fluctuation of the receiver gain as well as the calibration errors [Hersman and Poe, 1981] . The instrument noise levels used in this study for the HYMS concept rely on recent receiver noise specifications. From a collection of current state-of-the-art receivers, the following formula has been derived:
where the constants are in units of kelvins . An average T ant of 270 K is assumed. The selected integration time ( ) is 20 ms for all channels, corresponding to the integration time for MWS on board MetOp-SG. Table 1 provides the noise assumptions for HYMS and Table 2 for MetOp-SG.
Radiative Transfer Errors, R f
Radiative transfer (RT) errors are complex to estimate. Most information content studies simply provide a fixed error number that includes both the RT and the instrumental error, and the RT error covariance matrix is built with only diagonal elements. In this section, we present a simplified model for RT errors. It is based on AIRES ET AL. MW HYPERSPECTRAL MEASUREMENTS 11,341 a Gaussian assumption too, but we will use more realistic error covariance matrices in order to facilitate the comparison between different spectral resolutions. The RT noise model described here is an attempt to better characterize these uncertainties, but it is still based on imperfect ad hoc assumptions. However, this is a first attempt and the community (NWP, RT modeling, and instrument specialists) should join forces to improve it in the future.
The first component to obtain a covariance matrix is the diagonal elements representing the variance of RT errors for each channel. The RT noise under clear-sky conditions includes contributions from the atmosphere and the surface. The clear-sky absorption/emission modeling error is assumed to increase linearly with frequencies, to account for the lack of experience with the frequencies above 200 GHz, as well as including noise to represent the increased potential of cloud contamination with frequencies.
However, the major source of radiative transfer noise is expected to come from the surface modeling. This noise is considered proportional to the emissivity error, emis, estimated to be 0.01. The measurement can be written as (for specular cases) For channels where the surface has a contribution, the atmospheric emission comes from the lowest kilometers and is approximately
where ΔT is a temperature difference (may vary from 5 to 30 K). This model for the tropospheric T b is common for ground-based measurements. Putting this together,
The second term is quite small, and we can simplify to
Hence, the surface modeling error is situation dependent and it is set to deT s 2 where de is the error in surface emissivity e. Figure 5a illustrates the radiative transfer noise, separated between the atmosphere (averaged over the atmospheric situations of the full data set) and the surface contributions. As expected, the noise is minimum in the absorption lines where the surface contribution is relatively small.
The second component of the RT error covariance matrix is the correlation matrix. The RT error specifications given in Table 1 , and illustrated in Figure 5 , are resolution independent. Indeed, the RT errors in ARTS (or in any other RT model) obtained in a channel are not dependent on the bandwidth of the channel. However, taking no correlation among channels close to each other would not be realistic. This would be artificially very beneficial to high spectral resolution: "n" multiple narrow channels close to each other would result in a RT error divided by √ n, and this would be incorrect since each channel would have highly correlated systematic RT errors. As a consequence, instead of considering a diagonal covariance matrix R f , a nondiagonal matrix needs to be used to account for the correlation of errors among close channels. The correlation matrix AIRES ET AL.
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Based on the noise standard deviations for each channel and on the correlation matrix, it is then possible to compute the overall RT error covariance matrix. Figure 6 represents the observation error covariance matrix Figure 6 . Observation error covariance matrix including (1) the radiative transfer errors (surface and atmospheric contributions) plus (2) the instrumental errors in the diagonal only (see Table 1 ), for the 60 GHz band at "resolution 2." R = R + R f for the 60 GHz band at "resolution 2" (i.e., higher spectral resolution). It includes the RT error covariance matrix and the diagonal instrument error covariance matrix. The instrument errors are present on the diagonal only. The RT errors can be seen in the off-diagonal up to 1 GHz from the diagonal. Correlations are dependent on the frequency range only; they should appear in the figure on the full spectral range. However, the amplitude of RT noise being lower for the sounding channels than for the surface-sensitive channels, it can hardly be seen in the figure for the sounding channels. A fine squared structure can be noted that follows the pattern of the absorption lines.
Spectral Resolution Modulation
In order to test the sensitivity of a hyperspectral microwave instrument retrievals to the spectral resolution, we designed a AIRES ET AL.
MW HYPERSPECTRAL MEASUREMENTS 11,344 Figure 7 . Jacobian in temperature (K/K) for the 60 GHz band, for the spectral (top) "resolution 1" (i.e., lower spectral resolution) and (bottom) "resolution 2" (higher spectral resolution). A discontinuity in these Jacobians can be noted: it corresponds to the gap between the two portions of the spectrum, from 52.6-57.3 GHz to 63.3-67.9 GHz.
procedure to build a database with multiple resolutions. The strategy is first to perform radiative transfer simulations with a very high spectral resolution (10 MHz in the 60 GHz band for "resolution 2") and then to degrade this very high resolution toward a coarser one by compositing the channels. Several channel bandwidths have been considered, but only two are presented here for simplicity of the presentation. The spectral averaging involves an approximation of Planck function linearity across the widest bands, but tests (not shown) indicate that this is a very good approximation. The noise of a channel decreases proportionally with the square root of its bandwidth; see equation (2). The resulting coarser spectral resolution Jacobians are also the average of the higher-resolution Jacobians. Figure 7 represents the temperature Jacobians in the 60 GHz band for spectral resolutions 1 and 2. The amplitude of the Jacobians is lower for the coarser spectral resolution. The absorption lines are thinner and sound higher in the vertical with the highest spectral resolution 2. Figure 8 is the equivalent of Figure 7 , but instead of a 2-D representation, each channel is represented by a Jacobian profile. As expected, with a high spectral resolution ("resolution 2"), some channels sound high in the atmosphere: this is explained by the very thin and complex line structure in the 60 GHz band that can only be captured by the high spectral resolution. Note that Jacobian values in upper layers need to be considered with caution since the Zeeman effect was not taken into account in the radiative transfer calculations.
Impact of the Spectral Resolution on the Jacobians
The effect of the spectral resolution is not only on the altitude of the peak of the Jacobian. It also affects the amplitude as well as the width of the Jacobians. The amplitude is higher at the finer spectral resolution. The width at midheight (WMH) of the temperature Jacobians (expressed in number of atmospheric layers) has been estimated for the 60 GHz band, for the two spectral resolutions. It is only the number of atmospheric layers between (1) the higher atmospheric layer with Jacobian value equal to half the maximum of the Jacobian and (2) the lower layer with Jacobian value again equal to half the maximum of the Jacobian. The mean WMH for lower sounding channels is about the same for the two resolutions (∼30 layers), meaning that the spectral resolution is not impacting the Jacobians near the surface. In contrast, for higher sounding channels (e.g., peaking between 100 and 50 hPa) the averaged WMH is much lower for resolution 2 (19 layers) than for resolution 1 (26 layers). In conclusion, in the lower atmosphere, the change in the Jacobians should not directly AIRES ET AL. MW HYPERSPECTRAL MEASUREMENTS 11,345 affect the vertical resolution of the retrieval whereas at higher altitude, the higher the spectral resolution is, the thinner the Jacobians are and, as a consequence, the better the vertical resolution becomes.
The Results of the Information Content Analysis
Following a common practice, the retrieval statistics are provided in terms of improvement of the a priori errors. An improvement of 10% means that the satellite observations decrease the uncertainty with 10% compared to a priori. Figure 9 represents the estimation of the retrieval statistics using equation (1) for temperature (a) and water vapor (b). The percent change was computed for each profile and then averaged over the full database. The initial hyperspectral instrument with resolution 1 (HYMS/Res. 1) can provide a significant improvement in the lower layers in temperature (up to ∼10%) and in water vapor (up to ∼30%). Maximum improvement in temperature is only about 10%, but note that in this study, the a priori errors (section 2.3) are rather optimistic.
Tests have been made to check the validity of the information content analysis for the retrieval of water vapor. The Gaussian hypothesis and the nonlinear behavior of the RT could be a limitation. Results show that the Gaussian approximation of the errors is satisfactory and that variance of errors due to the linearization are below 30% of the observations errors as specified in this study (not shown).
Comparison With the MetOp-SG Microwave Instruments
Similar error estimates are conducted for the three microwave MetOp-SG instruments, separately and then jointly ( Figure 9 ). As expected, the sounding instrument MWS performs better than the imaging ones (ICI and MWI), for both temperature and water vapor profiling, except for humidity where ICI has a higher improvement rate than MWS at pressures below 600 hPa, thanks to its high-frequency channels. 
Improvement (%) Figure 9 . Estimation of the retrieval statistics in terms of relative improvement in percent to the a priori. Statistics are provided (a) for temperature and (b) for humidity (bottom), for the HYMS instrument with spectral resolutions 1 (lower spectral resolution, solid line) and 2 (higher spectral resolution, dashed line) as well as for the MetOp-SG microwave instruments, separately and jointly.
(ICI + MWI + MWS) provides a noticeable improvement as compared to MWS. This advocates for the synergistic use of all three instruments for optimal benefit retrievals. Note, however, that this simulation neglected factors that would degrade practical retrievals using a combination of the sensors, such as differences in field of view and view angle. The improvements of the HYMS instrument (Res. 1) compared to the MetOp-SG instrument combination are more than double at pressure over 100 hPa for temperature, and are also significant for humidity, at pressures over 250 hPa. Although the spectral resolution for this HYMS configuration is not very high, these results show that a hyperspectral microwave instrument would provide better results than the currently planed MetOp-SG microwave suite. Considering the findings in section 2.10, the improvement in profiling error statistics in the lower layers is not due to the decreasing width of the Jacobian with decreasing bandwidth. It is due mostly to the addition of the channels that provides a decreasing noise, although the noise in these channels are not completely independent (see section 2.8). Note that suppressing the noise correlation between the channels would artificially increase the benefit of the hyperspectral instrument (not shown).
Sensitivity to the Hyperspectral Resolution
The sensitivity to spectral resolution exists for temperature only and only in the upper atmosphere above 100 hPa. This is expected as the channels sounding in this region correspond to fine spectral structure in the O 2 band around 60 GHz, which can only be captured with high spectral resolution (see sections 2.9 and 2.10). An optimum could be found in the spectral resolution of the hyperspectral instrument since the retrieval uncertainty does not keep decreasing significantly with increasing spectral resolution [Lipton, 2003] . Note that the optimum spectral resolution will strongly depend upon the assumption on the instrument noise as well as on the error covariance in the radiative transfer noise.
Sensitivity to the Frequency Bands With Hyperspectral Resolution
For an optimum design of future microwave instruments for NWP application, it might not be necessary to have hyperspectral observations in all frequency bands but only for one or two bands. The O 2 band around 60 GHz is a natural candidate, given its impact on the temperature profiling and the complexity of the lines, as compared to the other bands. 
Improvement (%) Figure 10 . Estimation of the retrieval statistics in terms of a priori improvement in percent. Statistics are provided (a) for temperature and (b) for humidity, for (1) the MetOp-SG instruments, (2) a MetOp-SG configuration where the 60 GHz channels are replaced by those of HYMS, (3) a configuration where both 60 and 183 GHz channels are replaced, and (4) the full HYMS instrument at resolution 1.
Estimation of the retrieval statistics in terms of a priori improvement are provided for temperature and humidity ( Figure 10 ) for (1) the MetOp-SG instruments (red), (2) a MetOp-SG configuration where the 60 GHz channels are replaced by those of HYMS, (3) a configuration where both 60 and 183 GHz channels are replaced, and (4) the full HYMS instrument at resolution 1. The impact of the 60 GHz high spectral resolution is clear for the temperature retrieval up to 40 hPa. The addition of the hyperspectral resolution at 183 GHz is beneficial for both water vapor and temperature sounding, leading to those that tend toward the performances of the full hyperspectral instrument.
A parallel study was conducted Mahfouf et al. [2015] to show that a channel selection among the resolution 1 instrument was possible and could obtain similar retrieval statistics with about half of the channels (110 selected channels among the 276 channels of HYMS/Res. 1). Furthermore, the Information Content (IC) could be numerically sensitive to the number of channels used in equation (1), and the comparison of the retrieval statistics for resolutions 1 and 2 could not be robust. In order to check this aspect, we performed the IC analysis with 2510 + 25 inputs (the higher resolution 2 configuration) even for the lower resolution 1 but using for the additional channels random Gaussian noise. Results (not shown) are identical, which shows that the IC is not artificially sensitive to the number of channels but rather to the information conveyed by the inputs.
Sensitivity to Instrument Noise
The results from the previous sections are encouraging concerning the interest of hyperspectral observations. The hyperspectral observing system improves the retrieval as compared to carefully selected channels as in MetOp-SG, despite the degradation of the noise characteristics of the instrument channels with decreasing spectral bandwidth (equation (1)). However, building a high spectral resolution instrument with an instrument noise following √ Bandwidth can be too optimistic for very high spectral resolutions, and additional noise might have to be considered related to the back end processing. It is therefore important to quantify here the sensitivity of the retrieval quality to the noise assumptions. Figure 11 represents the improvements of the retrieval for both temperature and humidity compared to the a priori information when noise on resolution 1 case is increased by 20, 40, and 60%. For all cases, the performance of the HYMS resolution 1 is much higher than that of the MetOp-SG microwave instrument combination. This shows that a high-resolution instrument is beneficial even if the instrument noise characteristics are degraded with increased spectral resolution. The AIRES ET AL.
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Improvement (%) Figure 11 . Impact of the noise level on the improvement in (a) temperature and (b) water vapor, as compared to the a priori information. Improvements are represented for MetOp-SG, for HYMS resolution 1, and for HYMS resolution 2 with various levels of instrument noise (+20, +40, and +60%).
impact of instrumental noise is negligible in the lower atmospheric layers since the RT uncertainties are the dominant component in the observation noises (see Table 2 and Figure 5 ). Very limited impact is noticeable for humidity profiling since redundant observations compensate largely for the increased errors.
Conclusions
The objective of this study was to analyze the benefits of a hyperspectral instrument in the microwave (HYMS) for temperature and water vapor profiling under clear-sky conditions. An extensive database of microwave simulations (radiances and associated Jacobians) has been created, from 6 to 900 GHz. An information content analysis has been developed and applied to this database to study different HYMS configurations. It involves realistic a priori (background) information and observation noise (from the radiative transfer and the instruments). The results are presented over ocean at nadir. Similar conclusions were drawn for other incident angles and over land (not shown). The results show the benefit of the hyperspectral information on the retrieval of temperature and water vapor as compared to the microwave/millimeter wave instruments planed for the MetOp-SG mission. Improvement compared to the a priori information on temperature goes from 2% to 10%, depending on the atmospheric layers, and is more than twice what will be obtained with MetOp-SG. Improvements for humidity sounding can reach 30%, a significant benefit as compared to MetOp-SG results especially up to 500 hPa. These are very positive results considering the very high quality of the a priori information. The results are not very sensitive to the instrument noises, under our assumptions.
Instrumental noise degrades with increasing spectral resolution, and so the multiplication of channels does not play a direct role (i.e., better signal-to-noise ratio) on the retrieval statistics: the bandwidth and the instrument noise compensate each other. However, the impact of the hyperspectral observations can take two other forms. First, benefits can arise when the decrease of the bandwidth results in a more vertically localized Jacobian, allowing for a better vertical description of the profiles. This occurs for the 60 GHz band for temperature, where the Jacobians are sensitive to the spectral resolution. For the other bands, no Jacobian sensitivity to spectral resolution was observed. Second, improvements arise when noises among channels have some degree of independence. In many bands, the radiative transfer errors dominate the instrumental noises. These RT errors are not entirely correlated to each other. The multiplication of channels in this case decreases the RT errors and thus improve the retrieval accuracies. This means that even lower information bands could be beneficial to an observing system (e.g., the 118 or 420 GHz bands could still help the 60 GHz band) due to their "denoising" synergy [Aires, 2011] . Hyperspectral instruments can benefit from the combined effect of these two processes, even under the clear-sky conditions.
In the clear-sky case, the retrieval of temperature and humidity using infrared measurements from IASI has proven to be a very significant contribution to NWP forecast centers. Using the microwave observations in the clear-sky case could be questioned in this context. However, it has been shown in the past that even in the clear-sky case, a MW instrument such as AMSU can still be used in addition to IASI, and the IR/MW data fusion synergy is strong and beneficial: For temperature, adding the microwave to the infrared reduces by up to 20% the RMS error. For humidity, RMS errors are also significantly reduced by 5 to 10% [Aires, 2011; Aires et al., 2011 Aires et al., , 2012 . Therefore, an improvement in the MW instrumentation should still benefit NWP centers. Furthermore, microwave observations are less sensitive to thin clouds such as cirrus. These clouds might be transparent for HYMS, so it could be considered to be clear-sky case but cloudy for infrared. HYMS could then be very beneficial for these cases. Another major application of the hyperspectral measurements is the mitigation of radio frequency interferences, but the present study does not quantify this interest.
Hyperspectral observations in the microwave and millimeter domains are now technologically possible, and this potential opens new exciting possibilities. A significant improvement in the NWP capabilities can be expected, even under clear conditions, even if it is not as important to what has been observed with the advent of the infrared hyperspectral information. In a companion paper [Mahfouf et al., 2015] , it is shown that it is possible to select a subset of channels among the large number of channels of a HYMS instrument concept in order to reduce the computational burden in NWP operations while preserving the improvement to current or planned instruments.
